CR1 elements are a family of retroposons. They are classified as long interspersed elements (LINES) or non-longterminal-repeat (non-LTR) retrotransposons, and they have been found in the genomes of many vertebrates. However, they have been only partially characterized, and only a 2-kb region of the 3' end of chicken CR1 has been sequenced. In the present study, we determined the entire consensus sequence of CR1 elements in the turtle genome, designated PsCRl. The first open reading frame (ORFl) of PsCRl has two unusual arrangements of Cys residues. One of them includes a zinc finger motif, CX,CX,,CX&.
Introduction
The reverse flow-of genetic information from RNA to DNA is known as retroposition, and each transposed informational element is known as a retroposon (Rogers 1985; Weiner, Deininger, and Efstratiadis 1986) . Retroposons that encode a reverse transcriptase (RTase) for replication of their genomes can be divided into three groups, namely, non-long-terminal-repeat (non-LTR) retrotransposons (also known as LINES; hereafter this nomenclature will be used), LTR retrotransposons, and retroviruses (Fanning and Singer 1987; Doolittle et al. 1989; Eickbush 1994; Smit 1996) . Retroviruses and LTR retrotransposons replicate their genomes via a complex reverse-transcription process, and the corresponding mechanism for retrotransposition is well understood (Boeke and Chapman 1991; Whitcomb and Hughes 1992) . By contrast, the mechanism responsible for retrotransposition of LINES remains to be fully elucidated (Eickbush 1994 ).
An essential step in the retrotransposition of LINES is their initial transcription.
Several LINES, such as Drosophila jockey and I and human LINE-l (Ll), have been shown to have promoter sequences within the 5'-end regions of LINES that can initiate transcription at the first nucleotide of the element (Mizrokhi, Georgieva, and Ilyin 1988; Swergold 1990; Minakami et al. 1992; McLean, Bucheton, and Finnegan 1993; Minchiotti, Contursi, and Di Nocera 1997) . Drosophila jockey is transcribed by RNA polymerase II via an internal pro-moter (Mizrokhi, Georgieva, and Ilyin 1988) , while the human Ll promoter is pol III-dependent (Kurose et al. 1995) . It has been suggested, in contrast, that LINES that have evolved with target-site specificity must be inserted adjacent to a reliable exogenous promoter sequence for their transcription (Eickbush 1994) . Thus, the details of the molecular mechanisms of transcription of most LINES remain to be defined.
Additional critical steps in retrotransposition are reverse transcription and integration. Most LINE elements are truncated at various positions in their 5' regions, the lengths of which range from 100 to 1,000 bp (Hutchison et al. 1989; Eickbush 1994) . The existence of truncated forms indicates that an RTase encoded by a LINE must recognize the 3' end of the RNA template and that it might use the free 3' ends of breaks in chromosomal DNA as primers for initiation of first-strand synthesis (Schwarz-Sommer et al. 1987; Eickbush 1992) . This model was verified by Luan et al. in elegant experiments with R2Bm of Bombyx mori (Luan et al. 1993; Luan and Eickbush 1995) . In the case of R2Bm, the R2 protein makes a specific nick in one of the DNA strands at the insertion site in the 28s rRNA gene and uses the 3' hydroxyl group exposed by this nick to prime reverse transcription of its RNA transcript. Furthermore, the recent finding that the reverse transcription of a group II intron, a12, of yeast mitochondrial DNA is also accomplished by analogous target-DNA-primed reverse transcription supports the generality of such a mechanism (Zimmerly et al. 1995) . However, in contrast to the results for R2Bm, it was shown recently that the 3' untranslated region (UTR) of human Ll is not essential for its retrotransposition in cultured mammalian cells . Therefore, it remains essential to determine how the RTases of Ll and other LINES recognize their RNA templates. Sequence of Turtle CR1   1207 In R2Bm, a protein with both sequence-specific endonuclease activity and RTase activity is encoded by a single open reading frame (ORF) (Luan et al. 1993) . Several LINES, including human Ll, encode an endonuclease-like domain in the second ORF, which resembles amino acid sequences of AP endonucleases (Feng et al. 1996; Martin, Olivares, and Ldpez 1996) . The encoded endonucleolytic activity of human Ll has been verified biochemically (Feng et al. 1996) . These findings raise the possibility that generation of a nick at the target site and reverse transcription might be coupled, even in the case of LINES that have no apparent target site specificity. CR1 elements were first described as members of a SINE family (Stumph et al. 1981) . The number of CR1 elements in the chicken genome was estimated as 7,000-30,000
Determination of the Entire
from the results of hybridization experiments (Stumph et al. 1981; Burch, Davis, and Haas 1993) and as 100,000 by sequence analysis (Vandergon and Reitman 1994) . Since most members of this family were extensively truncated at their 5' ends, no ORF with significant similarity to ORFs that encode known polypeptides was identified (HachC and Deeley 1988) . CR1 elements were subsequently detected in representatives of nine orders that encompass a wide spectrum of species in the class Aves (Chen et al. 1991) . More recently, long members of the CR1 family encoding an ORF segment were isolated, and the consensus sequence of CR1 elements was extended for up to 2,200 bp from the 3' end (Burch, Davis, and Haas 1993) . In view of the fact that CR1 elements have common 3' ends and variable 5' truncations and of the finding that they contain a pollike ORF, Burch, Davis, and Haas (1993) concluded that CR1 elements are members of a LINE family. The consensus sequence of 2.2 kb of CR1 was estimated to correspond to roughly half of the entire length of CRl. Burch, Davis, and Haas (1993) also found that CRl-like sequences in mouse and human (mammals), a frog (an amphibian), and a ray (a cartilaginous fish) had been deposited in DNA databases. Vandergon and Reitman ( 1994) detected sequences similar to avian CR1 elements in a lizard (a reptile). In addition, they noted the similarity between the avian CR1 element and the tortoise SINE. Therefore, CRl-like elements appear to exist in all classes of vertebrates. As far as we know, the CR1 element provides the only example of a LINE family with phylumwide distribution. We recently reported the isolation of CRl-like elements with 5' truncations from the turtle genome (Ohshima et al. 1996) . We showed that the sequence at the 3' end of tortoise SINES was identical to that of the CR1 element in the turtle genome (Ohshima et al. 1996) . This result suggested that the tortoise SINES might have borrowed enzymes for their retroposition from the CR1 elements in the turtle genome (Ohshima et al. 1996 ; see also a recent review by Okada et al. 1997) . In the present work, we determined the entire consensus sequence of CR1 in the turtle genome in order to obtain further information about the sharing of retropositional machinery between SINES and LINES.
Materials and Methods

Determination of the Consensus Sequence of PsCRl Elements by Genomic DNA Walking
To determine the 5' upstream sequence from the 5' end of 4-a, which contains 2.1 kb of the CR1 element from the 3' end (Ohshima et al. 1996) , we employed the method of genomic DNA walking that is known as cassette PCR. In principle, the method was employed as described in our previous study (Ohshima et al. 1996) , with modifications as follows. Restriction enzymes, EcoRI, Hi&III or Pst I, and the corresponding cassettes were purchased from Takara (Shiga, Japan).
Fragments of approximately 5OO-1,000 bp, obtained as products of PCR, were isolated from an agarose gel and fractionated on SizeSepTM 400 Spun Columns (Pharmacia, Uppsala, Sweden) to remove fragments shorter than 400 bp. Longer fragments were ligated into the pUC 18 or pUC 19 vector, and then the nucleotide sequences of the cloned DNAs were determined. The consensus sequence of PsCRl was determined from these sequences. We repeated this series of experiments eight times and determined the entire consensus sequence of PsCRl.
For the last 2.1-kb region of the 3' end of PsCRl, we constructed the consensus sequence from sequences of several genornic clones that had been isolated from a genomic library of the side-necked turtle (Phtemys spixii) with oligonucleotides complementary to 4-2(Ps) as probes.
Designations of Nucleotides in the Consensus Sequence of PsCRl
The nucleotide of every position in the consensus sequence of PsCRl was determined from the results obtained from at least three clones. When two nucleotides were present predominantly at a certain position in the consensus sequence, the nucleotides were represented by the two-base ambiguity code (IUB single-letter code): K, M, R, S, W or Y. When dinucleotides in the consensus sequence were CG, TG, or CA between clones, the consensus sequence of the dinucleotide was shown to be CG. The divergence might possibly have resulted from methylation and subsequent deamination. The entire consensus sequence of PsCRl has been deposited in the DDBJ, EMBL, and GeneBank nucleotide databases with accession number ABOO 1.
Search of Databases and Phylogenetic Analysis
A search was made for sequences homologous to PsCRl both at the nucleotide level and at the amino acid level using the BLAST program (Altschul et al. 1990 ). Construction of a phylogenetic tree and calculation of bootstrap values were performed using programs in the PHYLIP package (Felsenstein 1995 amplified by PCR, with a cloned DNA that was nearly identical to the consensus sequence of PsCRl as template and a set of primers, for amplification of particular regions of PsCRl, such as nucleotides 3 lo-47 1, 103 l-1197, 2354-25 11, and 3600-3774, respectively, in the presence of [a-32P]dCTF? Hybridization was performed at 42°C in 50% formamide. Washing was performed in a solution of 2 X SSC and 1% SDS at 55°C for 60 min. From comparisons of the intensities of spots obtained with the genomic DNA and the cloned DNA, we were able to estimate the copy number. The haploid genome of the turtle was assumed to contain 2 X lo9 bp.
Results and Discussion
Determination of the Entire Consensus Sequence of the CR1 Elements in the Turtle
In a previous study, we isolated CRl-like elements from the turtle genome (Ohshima et al. 1996) . One clone, designated 4-I, exhibited extensive similarity to chicken CR1 in the region of the 2.1-kb EcoRI fragment (64% similarity over the entire 2.1 kb). We tried to determine the farther-upstream sequence of CR1 elements to characterize the entire structure of this family. Because these elements have 5' truncations at various positions and, moreover, because only 2 kb of the sequence of chicken CR1 had been reported from the 3' end, we adopted the strategy of gradual extension in the 5' direction. First, the genomic DNA of the side-necked turtle was digested with a restriction enzyme, and cassettes were ligated to the fragments. Next, we synthesized oligonucleotides complementary to the turtle CR1 sequence that had already been determined. Using these oligonucleotides and those complementary to the cassette, we performed nested PCR. Products of PCR were cloned and their sequences were determined. The clones that we obtained had variable 5' truncations, and we determined the consensus sequence from these sequences ( fig. 1A ). We repeated this series of experiments until we had constructed the entire consensus sequence of turtle CR 1 elements.
The First ORF of Turtle CR1 Encodes a Protein with a Novel Zinc Finger Motif Figure 1B shows the structure of turtle CRl, designated PsCRl (Ps stands for Plutemys spixii). PsCRl contains two overlapping ORFs. ORFl begins at a position 474 bp from the 5' terminus and encodes a protein of 334 amino acids from the first ATG codon.
To date, more than 30 full-length sequences of LINES have been determined. The sequences generally encode one or two type(s) of cysteine-rich motif. One motif is CX2CX4HX4C, which is characteristic of retroviral gag genes and has been identified in ORFl of many of the LINES described to date (Jakubczak, Xiong, and Eickbush 1990; Leeton and Smyth 1993) . The gag protein is a nucleocapsid protein, and the zinc-fingerlike motif (Berg 1986 (Berg , 1990 Sanchez-Garcia and Rabbitts 1994) in the gag protein is essential for the specific packaging of viral RNA (Gorelick et al. 1988) . Although most LINES encode this motif, several LINES, such as Ll (Hohjoh and Singer 1996) , Dong (Xiong and Eickbush 1993) and R4 (Burke, Miiller, and Eickbush 1995) , do not. Another cysteine-rich motif is CX1_3CX7_8 HX4C, which has been identified at the carboxyl terminus of the protein encoded by 0RF2 of many LINES downstream of the reverse transcriptase domain (Jakubczak, Xiong, and Eickbush 1990; Leeton and Smyth 1993) . The function of this cysteine-rich motif is currently unknown. Several LINES, such as F (Di Nocera and Casari 1987) (Blinov et al. 1993) , TART (Sheen and Levis 1994) , and BSl (Udomkit et al. 1995) , lack this motif. At present, it appears that only a few LINES, such as Tl (Besansky 1990 ) and Q (Besansky, Bedell, and Mukabayire 1994), lack both these motifs. 
The first ORF (ORFl) of PsCRl encodes a protein with a zinc finger motif which resembles that of the species-specific transcription factors SLl and TIF-IB. A, ORFl of PsCRl has cysteine residues with unusual spacings. The constantly spaced cysteine residues are denoted by "C" and the spacings are shown by numbers beside "X," which stands for any amino acid. At the beginning of the cysteine cluster, from residues 11 to 32, there is a zinc-finger-like motif, CX,CX,,CX,C. The numbers above the line are numbers of residues from the 5' end of ORFl. B, The zinc-finger-like motif has cysteine residues with identical spacings and a similar amino acid composition to those found in transcription factors SLl (Comai et al. 1994 ) and TIF-IB (Heix et al. 1997) . Identical or similar amino acid residues in the three sequences are shaded. The cysteine residues that can potentially form a zinc finger are emphasized by shaded boxes. The numbers at the beginning and end of the each sequence indicate the numbers of residues from the 5' end of the deduced protein.
PsCRl also lacks both of the two motifs discussed above. Instead, PsCRl has two unusual arrangements of Cys residues. ORFl of PsCRl encodes a protein with constant spacing between Cys residues as follows: CX20CX21CX19C
(from residues 11 to 74) and CX&X&X& (from residues 120 to 217). The former motif includes a zinc-finger-like motif, CX2CX14 CX2C (Berg 1986 (Berg , 1990 ; Sanchez-Garcia and Rabbitts 1994) ( fig. 2A ). This zinc-finger-like motif has cysteine residues with identical spacings and a similar amino acid composition to those found in transcription factors SLl (Comai et al. 1994 ) and TIF-IB (Heix et al. 1997) (fig.  2B ). SLl consists of a TATA-binding protein (TBP) and three TBP-associated factors (TAFs). One of the latter factors, TAFi63, contains two putative zinc fingers, CX2CX&X2C
and CX,HX1sHX3C (Comai et al. 1994 ). TAFi63 can be cross-linked to the rDNA promoter, and it has been shown to be involved in the binding of SLl to this promoter (Beckmann et al. 1995) . mTAFi68, the murine homolog of human TAFi63, also includes the corresponding zinc finger ( fig. 2B ). Although this similarity suggests that the putative zinc finger of PsCRl might play a role in DNA binding, such an activity of ORFl proteins has not been demonstrated.
It remains to be seen whether the zinc finger of PsCRl has a function in DNA recognition or participates in an alternative method of RNA binding.
The Product of 0RF2 of PsCRl Contains a Putative Endonuclease Domain in its Amino-Terminal Region 0RF2 (from position 1475 to position 4393) encodes a protein of 963 amino acids, which starts from the first ATG codon at position 1505. The beginning of 0RF2 overlaps ORFl by 22 bp in the -1 reading frame. The putative protein product contains the conserved domains found in all reverse transcriptases ) from residue 509 to residue 773 ( fig.  3 ). The amino acid sequence of this PsCRl RTase indicates that PsCRl is most closely related to a group of LINE families that includes the chicken CR1 (Burch, Davis, and Haas 1993) and the mosquito Tl elements (Besansky 1990) . Sequences from Cuenorhabditis eleguns that encode putative reverse transcriptase domains were identified in the nucleic acid database, and they are also closely related to this group of sequences (accession numbers and locations: U46668, F38E9.3; U57054, B0478.2; U64846, F47D2.2; and many others; figs. 3 and 4). These sequences also contain a region that corresponds to the endonuclease domain (see below). We suggest that they belong to a family of LINES in the genome of C. elegans. We shall refer to these elements collectively as CeCRT, which stands for the LINES of c eleguns that resemble ml and _Tl. are boxed. The numbers of residues from the 5' end of 0RF2 are shown. Sources of sequences are as follows: CR1 (Burch, Davis, and Haas 1993) , Tl (Besansky 1990) , CeCRT (DDBJ/EMBL/GeneBank, accession number U46668; gene location F38E9.3), and frog CRl-like element (a consensus sequence in sequences with accession numbers M24187 and X71067; 5' truncations are found). the corresponding regions encoded by the Tl element and Q element of Anopheles (Besansky, Bedell, and Mukabayire 1994) and, to a lesser extent, by NLRlCth of Chironomus (Blinov et al. 1993) , Juan-C of C&X (Agarwal et al. 1993 ) and the putative LINE family of C. elegans mentioned above ( fig. 5) . Recently, it was reported that the corresponding regions encoded by several LINE families, including the Q element, have several domains that are highly homologous to members of the AP endonuclease family and that the active residues of exonuclease III are included in these domains (Martin, Olivares, and Lopez 1996) . Figure 5 shows an alignment of the amino acid sequence encoded by PsCRl and the sequences encoded by LINES, together with part of human endonuclease I for comparison.
The deduced amino acid sequence encoded by PsCRl corresponds closely to the domains defined by Martin, Olivares, and Lopez (1996), in particular to domains I, II, III, V, VI, VIII, and IX. These similarities suggest the potential endonucleolytic activity of the PsCRl protein in this region.
The 5' Untranslated Region of PsCRl Contains a Sequence that Resembles the Human Ll Promoter and Several cis Elements Found in Eukaryotic Genes
The 5' untranslated region (5' UTR) of PsCRl is 473 bp long. This region contains three sets of direct repeats (DRs) (fig. 6A ). One is 48 bp long with an interval of 304 bp (double underlined), another is 19 bp long with an interval of 19 bp (underlined), and the other is 23 bp long with an interval of 28 bp (dashed line). Several deletions or insertions, ranging from several nucleotides to several dozen nucleotides, were found in the 5' UTR and, in particular, in the regions of DRs of various clones (not shown). These observations suggest that the region might have undergone frequent recombinational events. The phylogenetic tree is based on seven amino acid domains that contain a total of 178 residues and have been identified in all reverse transcriptases . The tree was constructed by the neighbor-joining method (Saitou and Nei 1987) . The numbers above the branches indicate the bootstrap values per 100 replications, which provide an indication of the statistical significance of the nodes. A group II intron was used as an outgroup to root the tree, as described by Burke, Mtiller, and Eickbush (1995) . Sources of sequences are as follows: R2Bm (Burke, Calalang, and Eickbush 1987); R2Dm (Jakubczak, Xiong, and Eickbush 1990), LlHs (Hattori et al. 1986 ), LlMd (Loeb et al. 1986 ), Jockey (Priimagi, Mizrokhi, and Ilyin 1988), NLRlCth (Blinov et al. 1993 ), Juan-A (Mouches, Bensaadi, and Salvado 1992), Q (Besansky, Bedell, and Mukabayire 1994) , and al-pa (Osiewacz and Esser 1984) . The CRllike elements in the genome of Xenopus laevis are designated XlCRl in this figure.
Determination of the Entire Sequence of Turtle CR1 1211 Minakarni et al. (1992) showed that the nucleotide sequence of human Ll from position 3 to position 26 promoted expression of the gene for chloramphenicol acetyltransferase (CAT) in HeLa cells, and they designated this region Ll site A of the human Ll promoter ( fig. 6B ). In the nucleotide sequence of PsCRl, we found that the sequence from nucleotide (nt) 58 to nt 65 was identical to that of the first eight nucleotides of Ll site A, as shown by a hatched box in figure 6A . This coincidence suggests the presence of a common transcription factor that binds to the corresponding sites of PsCRl and human Ll . However, the nine nucleotides downstream of this site in PsCRl show no significant homology to the corresponding region in Ll site A, which is the target core element for the pol II transcription factor YYl (Becker et al. 1993; Kurose et al. 1995) . Therefore, the putative protein that might bind to the common site in PsCRl and human Ll is probably different from YY 1. The region of PsCRl corresponding to the core element for binding of YY 1 to human Ll is replaced exactly by an "E box," the cis element for binding of the basic helix-loop-helix (bHLH) family of proteins (Murre, McCaw, and Baltimore 1989; Murre et al. 1994) , which are regulatory factors essential for determination of cell type, such as members of the MyoD family. These proteins bind as dimers to DNA sequences that generally share the consensus CANNTG (the E box; Murre et al. 1989) (fig. 6B) . Putative E boxes, including the one mentioned above, are clustered in the 5' UTR of PsCRl (boxed in fig. 6A ). Within a region of about 500 bp, there are nine E boxes. In addition to the E boxes, other potential binding sites for c-myb (Howe, Reakes, and Watson 1990) are also found in this region ( fig. 6A) . A, E boxes and several binding sites for transcription factors are found in this region. The 5' UTR of PsCRl contains three sets of direct repeats, which are indicated by double underlining, underlining, and dashed underlining, respectively. The putative initiation codon is highlighted in black. B, A nucleotide sequence in the 5' UTR of PsCRl is identical to that of the first eight nucleotides of Ll site A (shaded box). The numbers at the beginning and end of Ll site A are the numbers of residues from the 5' end of human Ll (Minakami et al. 1992) . The region of PsCRl corresponding to the core element for binding of YY 1 in human Ll is replaced exactly by the E box, a cis element for binding of members of the basic helix-loop-helix family of proteins.
The biological significance of such sequences in PsCRl is unknown. However, the possibility that cellular transcription factors that bind to these sequences might act in concert to regulate the expression of PsCRl is clearly of interest. Cooperation between different E boxes on the same promoter and cooperative binding of bHLH proteins with another class of transactivators have been generally recognized in the regulation of transcription of tissue-specific genes (Weintraub et al. 1990; Genetta, Ruezinsky, and Kadesch 1994; Di Rocco et al. 1997) .
The 3' Untranslated Regions of CR1 from Reptiles and a Bird Exhibit Strong Conservation Among Species Figure 7 shows an alignment of the 3'-end sequences of CR1 elements from reptiles and a bird. The predicted amino acid sequences of the carboxy-terminal regions encoded by ORF2 from these four species (four top lines in fig. 7 ) seem to be strongly conserved.
To determine whether the 3' UTRs of these CRls might be under some selective constraint, we calculated the nucleotide sequence divergences among the regions 
FIG. 7.-
The 3'-end sequences of the CR1 elements from reptiles and a bird are compared. Dots indicate nucleotides identical to those in the sequence from turtle. The highly conserved regions in the 3' UTR are shaded. The 8-bp direct repeat in the 3' termini are indicated by arrows. In addition, the carboxy-terminal regions are compared. When, of four amino acids at a certain position, at least three amino acids have similar chemical properties, they are boxed. Numbers above the amino acids are the numbers of residues from the 5' end of the protein encoded by ORF2 of PsCRl. Sources of sequences are as follows: turtle (PsCRl), this paper; snake, a consensus sequence for sequences with accession numbers D31777, D13384, D31782, and D31779 (5' truncations are found); lizard, accession number L31503 (5' truncation is found), and chicken (CRl; Burch, Davis, and Haas 1993). that encode 0RF2 and the 3' UTRs from these species that are available (tables 1 and 2) . The values for nonsynonymous substitutions per site (&) ranged from 0.34 to 0.47 (table 1) . In most cases, the value for synonymous substitutions per site (ds) was saturated (not shown). The dN value for the gene for P-globin in birds and mammals is 0.24 (Li, Wu, and Luo 1985) , and that of the gene for P-crystallin is 0.07-0.12 (Aarts et al. 1989 ). Most protein-encoding genes of mammals have dN values that range from 0.005 to 0.211 (Ohta 1995) . The results suggest that CR1 in each lineage has been under selective pressure with respect to expression of the protein product since the value for synonymous substitutions is much higher than that for nonsynonymous substitutions.
We were surprised that the value for the sequence divergence of the 3' UTR between species was even lower than the & value of 0RF2 (table 2) . These results suggest the presence of some strict functional constraint in this region. The results also reminded us of results for the R2 elements of Drosophila species. The value for the sequence divergence of the 3' UTR of R2 elements between species was only twice the dN value and one third of the ds value in the coding region .
During integration of R2 elements by the target DNA-primed mechanism, the R2 protein binds specifically to a region in the 3' UTR of the RNA template to prime reverse transcription (Luan et al. 1993; Luan and Eickbush 1995; Mathews et al. 1997) . Our demonstration that the 3' UTR of CRls has been under strict selective constraint suggests that the conserved 3 '-end sequence of CR1 s is also the recognition site for their reverse transcriptase.
The Possible Recruitment of CR1 Enzymes by the Tortoise SINE The 3' end of the chicken CR1 element is defined by the presence of an 8-bp direct repeat, 5'-(CATTCTRT)(GATTCTRT)-3' (Silva and Burch 1989) . Almost the same repeat, 5'-(TATTCTAT)(GATTCTAT)-3', is found in reptilian CRls ( fig. 7) . Chicken CR1 elements have been integrated into preferred target sites that resemble the 3' repeat units (Silva and Burch 1989) . In the present study, we found that the amino-terminal region of the deduced product of 0RF2 of turtle CR1 contains a putative endonuclease domain. The endonucleolytic activity of the product of the second ORF of human L 1 was recently demonstrated biochemically (Feng et al. 1996 ; see Introduction).
The CR1 endonu-NOTE.-Distances were calculated by the method of Adachi and Hasegawa (1996) on the basis of the region shaded in figure 7 (56 informative sites).
clease might cleave sequences that resemble the 3' repeat units. Then the RTase of CR1 might prime reverse transcription from the free 3' ends at nicked target sites that can hybridize to a repeat unit within the CR1 transcript. In this process, the conserved sequence in the 3' UTR of CRl, mentioned above, might provide the recognition site for the RTase on the RNA template. The involvement of the target-DNA-primed mechanism in the reverse transcription of CR1 was first proposed by Burch, Davis, and Haas (1993) .
We reported recently that the sequence at the 3 ' end of CR1 in the turtle genome is nearly identical to that of a family of tortoise SINES (tortoise Pol III/SINE; Ohshima et al. 1996) . SINES are short (approximately 80-400 bp) repetitive elements which have a composite structure with regions homologous to a tRNA region, a tRNA-unrelated region, and an AT-rich region (Okada 1991a (Okada , 1991b Ohshima et al. 1993; Okada and Ohshima 1995) . SINES do not encode the enzymes required for their amplification, such as RTases, so they must "borrow" these enzymes from other sources. The general finding that 3' ends are shared by SINES and LINES has been reinforced by the finding of examples other than the pair of tortoise Pol III/SINE and CRl. Thus, it seems likely that each SINE family recruited the enzymatic machinery for retroposition from the corresponding LINE through a common "tail" sequence (Ohshima et al. 1996 ; see also a recent review by Okada et al. 1997 ).
As discussed above, the conserved 3'-end sequences of CRls probably serve as the recognition sites for their RTase (fig. 7) . It is noteworthy that only the conserved region is shared with the tortoise Pol III/SINE ( fig. 8 ). This observation supports our hypothesis that the tortoise SINE might have acquired retropositional activity by gaining the 3'-end sequence of the CR1 element (Ohshima et al. 1996) . However, it should be noted that the 8-bp direct repeat, which is prominent in the 3'-terminal region of CRls, is not found in the 3'-terminal region of the tortoise Pol III/SINE. In the latter case, an AT-rich sequence of variable length is found (not shown). The molecular mechanism responsible for this difference is unknown. The difference might reflect the ability of the CR1 RTase to add "nontemplated" nucleotides to the target DNA before it engages the RNA template (such an activity has been found in R2Bm; Luan and Eickbush 1995), and/or it might reflect the participation of other cellular components in the integration of SINES (Rogers 1985 (top). The common sequence in PsCRl and tortoise Pol III/SINE is denoted by boxes with oblique shading. The nucleotide sequences of PsCRl and the SINE in this region are compared (bottom). Common sequences are boxed. The region in the 3' UTR of the CR1 element that is strongly conserved among species ( fig. 7) is shaded.
The PsCRl Elements Form at Least Two Subfamilies
In general, LINE elements have frequent 5 ' truncations of various lengths (Hutchison et al. 1989; Eickbush 1994) . To estimate the copy numbers of PsCRl elements of various lengths, we performed dot blot analysis using several probes that corresponded to distinct blocks of PsCRl ( fig. 9) . We estimated that, in each haploid genome, about 400 copies of CR1 were nearly full length (4,000 bp), whereas about 10,000 copies of CR1 were truncated at positions as far as 3,500 bp from their 5' ends. It seems that more than 40% of elements of PsCRl extend as much as 2 kb from their 3' ends. This result contrasts with the result for chicken CRl: only 0.1% of elements of chicken CR1 extend as much as 2 kb from their 3' ends (Burch, Davis, and Haas 1993) .
During the course of our efforts to construct the consensus sequence of PsCRl , we found that PsCRl can be divided into two subfamilies on the basis of correlated changes in particular nucleotides which can be considered diagnostic nucleotides (table 3; Smit et al. 1995) . The two subfamilies can be distinguished from each other in terms of 10 diagnostic nucleotides in a region of approximately 400 bp that corresponds to part of the region that encodes the RTase. Among the 10 sites, 4 substitutions result in changes in amino acids. The values for the nucleotide divergences between members of the type I subfamily, as determined by pairwise comparison, range from 3.9% to 12.8% (average 9.5%), and those of the type II subfamily range from 14.2% to 20.3% (average 17.1%), suggesting that type II is older than type I. Chicken CR1 was classified previously into six subfamilies, designated A through E by phylogenetic analysis (Vandergon and Reitman 1994) . Some CR1 elements from avian species other than chicken, such as duck, were grouped with members of different subfamilies from the chicken and not with members of the respective species, demonstrating that multiple subfamilies must have existed early in the avian evolution. We examined the relationships of the subfamilies of PsCRl to the chicken subfamilies. Phylogenetic analysis indicated that the two subfamilies of PsCRl are more closely related to each other than to any subfamilies in the chicken and, moreover, that the turtle CR1 lineage might have diverged at an early time from the avian CR1 lineage, even though the statistical significance of results was not particularly high (not shown). The CR1 s of reptiles and birds might have evolved from a few ancestral elements in the genome of a progenitor common to reptiles and birds and retained their identity during the course of their respective host's divergence, which is estimated to have occurred more than 250 MYA, with the generation of multiple lineages of descendants in each species. b Dots indicate nucleotides identical to those in the consensus sequence of type I elements.
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